Abstract Low volume (LV) amplification (1 μL) of nuclear DNA (nucDNA) on a chemically structured chip is an appropriate and highly sensitive method to simultaneously amplify amelogenin and 15 forensically relevant short tandem repeats (STR). In this study, a combined method using on-chip LV amplification of mitochondrial DNA (mtDNA) and subsequent on-chip LV cycle sequencing was established to obtain a method, which is sensitive and robust enough to allow reliable analysis of DNA amounts representing the single cell level. All the necessary steps of the procedure-except for the purification of the sequencing products-were accomplished within the same final 2-μL reaction volume.
Introduction
In the field of forensic DNA analysis including identification, stain analysis and kinship testing, the investigation of short tandem repeat (STR) markers of nuclear DNA has proven to be a valuable and sensitive method [13, 15, 18] .
The sensitivity of the PCR reaction can be improved by using short amplicon primers [3, 8] . This strategy is based on the experience that in degraded DNA samples a successful amplification of short amplicons is more likely.
In casework, problems frequently occur, which cannot be resolved using conventional STR typing. Therefore, alternative techniques need to be applied. For instance, deficiency cases can be solved by sequence analysis of the mitochondrial control region or by analysis of Y-chromosome and X-chromosome specific STRs [4, 7, 19, 26, 27] . If only highly degraded DNA is available for analysis, typing of single nucleotide polymorphisms (SNPs) can be the method of choice [24] . Applying this method on a microarray system combines the high sensitivity of SNP typing with the high efficiency of modern analysis strategies [10] .
The high copy number of mitochondrial genomes per cell [5, 21, 23] allows successful PCR amplification even in cases where only very low amounts of nuclear DNA are available as known from low copy number (LCN) samples, such as hair shafts or skin flakes [20, 26] . The detection and analysis of mitochondrial SNPs allows the assignment of individuals to specific mitochondrial haplogroups [6, 12] .
An additional enhancement of PCR sensitivity can be achieved by the reduction of the reaction volume [11, 16, 17] . Investigations of low volume multiplex reactions on a chemically structured chip showed successful amplification from as little as 32 pg of cell line DNA revealing a full STR profile [22] . However, some problems occurred when working with low volume on-chip PCR: dropout of loci and single alleles were observed, which can be interpreted as stochastic effects due to pipetting of very small volumes [14] .
Working with this chip provides several advantages, such as lowering the costs of PCR reagents by reducing the reaction volume, easy handling, uncomplicated integration in laboratory routine processes and the possibility to apply the template material under optical control. These advantages have prompted us to further validate additional techniques on the chip, such as the direct sequencing method of the mitochondrial genome.
The abovementioned problems occurring in the context of LV/LCN amplification of STRs are unlikely to occur in the context of mtDNA typing because low volumes of sample are expected to carry more target copies of mtDNA than the nuclear genome. Furthermore, sequences are investigated rather than length-variants. On-chip PCR followed by sequencing analysis could be sensitive enough to provide a reliable technique for single cell analysis. The challenge is to create a method that permits PCR to be performed with subsequent sequencing analysis in the same reaction volume.
This article presents a strategy for amplification and direct sequencing of mitochondrial DNA on a chemically structured chip. The quality of this method will be compared to the analogous in-tube LV reaction and to the standardised amplification and sequencing in-tube reaction in a 25-μL volume.
Materials and methods

Samples, DNA extraction and quantification
Total DNA from a peripheral blood sample was extracted as follows: the EDTA-treated blood sample was first frozen and thawed, washed with 1 ml of 1X SSC buffer (15 mM sodium citrate, 150 mM sodium chloride) and nuclei and organelles were pelleted by centrifugation (5 min at 8000×g). After discarding the supernatant, the pellet was washed twice with 1X SSC buffer and centrifuged again (5 min at 8000×g). The pelleted nuclei and organelles were resuspended in 700 μL bidistilled water, then 50 μL 3 M sodium acetate, pH 7.0, 50 μL 10% SDS and 20 μL Proteinase K (20 mg/ml) were added and the sample was incubated overnight at 56°C. DNA purification was performed by three extraction steps with water saturated phenol, phenol:chloroform:isoamylalcohol (25:24:1) and finally chloroform:isoamylalcohol (24:1). Total DNA was precipitated with ethanol and the pellet was washed with 70% ethanol. Finally, the dried pellet was resuspended in 200 μL bidistilled water.
The content of nuclear DNA within the DNA extract was quantified using the Quantifiler™ Human DNA Quantification Kit (Applied Biosystems, Foster City, CA). Then, DNA was diluted with sterile water to obtain 12 samples with DNA contents of 1,000, 500, 250, 100, 50, 40, 30, 20, 10, 5, 2.5 and 1 pg/μL of nuclear DNA, respectively. To confirm the nuclear DNA content, all diluted samples were quantified again. To determine the corresponding mtDNA content, 800-900 mtDNA genome equivalents per cell [2, 9, 28] , or rather 128±11 mtDNA genome equivalents per pg chromosomal DNA were calculated (personal communication: H. Niederstätter, GMI, Innsbruck, Austria).
Chips
Chips were supplied by Alopex (Kulmbach, Germany). These are chemically structured glass slides, originally developed for single cell analysis and quantification of single genome equivalents. Biochemical reactions proceed on 60 lithographically defined hydrophilic anchor spots, each framed by a hydrophobic ring. Each of the reaction compartments can hold up to 2 μL of aqueous solution.
Low volume DNA amplification and subsequent sequencing on chemically structured chips A total volume of 1 μL PCR reaction mix, containing 0.1 μL AmpliTaq Gold (5 U/μL), 0.1 μL 10X GeneAmp PCR buffer I (both: Applied Biosystems), 0.1 μL dNTP mix (2.5 mM each), 0.2 μL PCR primer set L29/H381 (5 pmol/μL) and 0.5 μL ddH 2 O was applied to each anchor spot and dried for 20 min to allow slight evaporation of fluid and to allow for the application of the template. Then, 1 μL of (diluted) DNA template (total DNA) was added and each reaction compartment was covered with 5 μL of covering solution (Alopex). Cycling was performed using an Eppendorf Mastercycler with in situ adapter (Eppendorf, Hamburg, Germany). Thermal cycling conditions for primer set L29/H381 (cf. Table 1) were an initial heating step of 95°C for 10 min, 32 cycles of 94°C for 20 s, 56°C for 10 s, 72°C for 30 s and a final extension at 72°C for 10 min. Negative controls were performed on different positions on the chip using the same reagent solutions without DNA.
The 60 anchor spots of each chip were supplied with 12 no-template controls and with quadruplicates of the 12 differently concentrated DNA samples. After amplification, 5′-CTCACGGGAGCTCTCCATGC-3′ H381 5′-GCTGGTGTTAGGGTTCTTTG-3′
The primers are named according to the position of their 3′-ends within the reference sequence [1] . "L" and "H" indicate the light and heavy strands of the mitochondrial DNA molecule To exclude contaminations, all sequences were aligned and compared to the Cambridge reference sequence (CRS) [1] and to the base sequence of the respective donor and laboratory staff involved using SeqScape (version 2.1) (Applied Biosystems).
Low volume DNA amplification and subsequent sequencing in a PCR tube
The procedure of in-tube LV amplification was performed as follows: 1 μL PCR reaction mixes were pipetted into 0.2 ml thin-walled PCR tubes and immediately covered with 5 μL of covering solution (Alopex). DNA-containing samples were analysed in quadruplicate together with 12 no-template controls. Amplification, purification, sequencing and detection of the products were performed as described for chips.
Conventional DNA amplification in PCR reaction tubes and subsequent sequencing Amplification was performed in a 0.2 ml PCR tube in a total volume of 25 μL. Each reaction contained 1 μL template dilution, 0.25 μL AmpliTaq Gold (5 U/μL), 2.5 μL 10X GeneAmp buffer I (Applied Biosystems), 0.5 μL BSA (5 mg/ml), 2 μL dNTP mix (2.5 mM each), 2 μL primer set L29/H381 (5 pmol/μL) and 16.75 μL ddH 2 O. Thermal cycling conditions were as described for chips. The PCR products were separated from the residual primers, dNTPs and buffer using the QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to the manufacturer's recommendations. The 12 DNA-containing samples were analysed in duplicate together with 6 no-template controls. After amplification, 5 μL of each of the 30 in-tube reactions were separated by electrophoresis in a 2% agarose gel (TBE). In addition, 2 μL of each amplification product was used for the cycle sequencing reactions, which were performed in a total volume of 10 μL.
Thermal cycling conditions were the same as described for chips. After cycle sequencing, the reactions were brought to a final volume of 20 μL with bidistilled water and purified using AutoSeq G-50 columns (GE Healthcare). Analysis was performed by capillary electrophoresis on an ABI Prism 3100 Genetic Analyser. To exclude contaminations, all sequences were aligned and compared to the CRS and to the base sequence of the respective donor and laboratory staff involved using SeqScape (version 2.1) (Applied Biosystems).
Results and discussion
Illustrative examples for mtDNA amplification and sequencing results obtained from the different methods-1 μL onchip, 1 μL in-tube, and 25 μL in-tube-are given in Figs. 1 and 2. Unless stated otherwise, the quantity values mentioned in the text refer to nucDNA.
PCR products could be generated from template concentrations down to 1 pg using 1-μL on-chip amplification (cf. Fig. 1 ). One amplification from 2.5 pg failed. Higher template concentrations (40 pg-1 ng) yielded unspecific products on the agarose gel. The corresponding 1-μL intube amplification generated detectable PCR product from template concentrations down to 5 pg (cf. Fig. 1 ). Unspecific products were not observed. Using conventional 25-μL in-tube amplification, detectable products could also be amplified from template concentrations between 2.5 pg and 1 ng. All negative controls revealed the expected results.
The reactions chosen for Fig. 1 exemplarily reflect the outcome of the respective procedure as we observed it throughout the study: As visualized by ethidium bromide staining, the in-tube LV amplification shows the weakest bands and thus, the lowest sensitivity. In contrast, the same reaction volume on the chip shows the strongest bands in the agarose gel. In addition, the on-chip LV amplification appears to be the reaction of highest sensitivity due to successful amplification of 1 pg of template DNA. Because the reaction components of the 1-μL in-tube and on-chip reactions are identical, the conspicuously higher PCR efficiency of the on-chip reaction may be caused by the different reaction platforms, e.g. changes in thermal transfer. Still, in a few cases the 1-μL on-chip amplification of "unproblematic" amounts of template yielded no detectable product; a satisfactory explanation for this phenomenon could not be found.
Comparing the 1-μL on-chip and 25-μL in-tube reactions, the bands of the conventional 25-μL reactions appeared to be generally weaker. In addition, no bands were visible whenever template amounts of less than 2.5 pg nucDNA were tested. This finding can be explained by different efficiencies of the methods regarding the amount of amplified product per μL. In this respect, it also has to be considered that the whole reaction volume of the 1-μL onchip reaction but only one-fifth of the 25-μL reaction was transferred to the agarose gel. Although the difference in detection limits of the two methods may seem negligibly small (1 pg vs 5 pg), it has to be kept in mind that the quantities refer to nucDNA. Regarding the number of mtDNA genomes, this difference corresponds to approximately 500 template copies (128 vs 640 mtDNA genomes). Also, the electrophoretical separation in agarose gels is a rather imprecise method for quantification of PCR products. Altogether, this test does not-and was not intended todefinitely assess the two procedures' sensitivities, which seem to be comparable at least, but it sure gives a general survey.
The sequencing results give further information about the success of the three strategies compared. Overall, cycle sequencing of PCR products from on-chip amplification of 1 pg to 1 ng template was successful. Again, in a few cases sequencing reaction of normally "unproblematic" amounts of template failed. In these cases, it was not possible to account the failure to the relevant reaction because the very small reaction volume of 1 μL was either completely used for detection on the agarose gel-revealing success or failure of the amplification-or was subjected to cycle sequencing and capillary electrophoresis. In general, about 300 bp of good quality sequence electropherograms were obtained. Unspecific products as observed at agarose gel analysis did not interfere with the quality of the sequencing results.
In-tube amplifications yielded sequencing data down to 2.5 pg of diluted nucDNA, which is equivalent to about 320 mtDNA genomes.
Representative examples of sequencing electropherograms typically obtained from on-chip LV, in-tube LV and conventional 25-μL reactions are given in Fig. 2 . The   Fig. 2 Sections of the electropherograms obtained from the 1 μL on-chip and in-tube cycle sequencing reactions and from the conventional cycle sequencing reactions in 25 μL volumes. The respective amounts of nucDNA and the corresponding number of mitochondrial genomes are indicated. mtGE= mitochondrial genome equivalents; nr=no results obtained Fig. 1 Amplification products of the LV amplifications performed on-slide and in-tube and the conventional amplification in 25-μL reactions. The products were electrophoresed on a 2% agarose gel with ethidium bromide staining. Template amounts (nucDNA) of each reaction are given on top of each lane. 1 pg nucDNA corresponds to 128±11 mtDNA genomes. From each diluted DNA sample, two reactions were transferred to the agarose gel, visualized by the frame surrounding the first two samples. L=100 bp ladder, nc=negative control respective amounts of nucDNA as quantified and the corresponding numbers of mtDNA genomes are indicated. Again, the examples reflect the strengths and limitations of the respective procedure: Although the detection limits of on-chip PCR (1 μL) and in-tube PCR (25 μL) seem to be comparable, the quality of sequencing data derived from the respective PCR products clearly vary. The conventional 25-μL reaction is better suited than the other strategies whenever higher template amounts are analyzed (500 pg-1 ng). The on-chip reaction shows the best sequencing results for low concentrations of template (less than 20 pg). However, enlargement of the anchor spots and therefore the possibility of using higher amounts of Big-Dye-mix may lead to further improvement of the sequencing results, particularly to a longer range of good quality sequence.
Regarding the sequence electropherograms obtained from on-chip reactions (1 μL), background fluorescence signals obviously decreased with reduced amount of template. Whenever low template amounts were analyzed (corresponding to 2.5 pg of nucDNA and less), this method outperformed the in-tube reactions. Sequencing data from mtDNA corresponding to 1 pg of nucDNA was only obtained by LV on-chip amplification and sequencing, and it often was of good quality (cf. Fig. 2 ). In comparison, the sequence electropherograms derived by 1-μL in-tube amplification and sequencing tended to show unbalanced signals and a rather high fluorescence background. Sequencing data from low template amounts were ambiguous and often did not meet basic standards of quality. Still, the analysis of higher template amounts using conventional in-tube reactions (25 μL) generated the most excellent sequencing results with intense signals and with the lowest fluorescence background. Whenever mtDNA corresponding to 20 pg of nucDNA or less were analyzed, the quality of the sequencing data markedly decreased. Also, in-tube reactions (1 μL and 25 μL) failed when analyzing very low amounts of mtDNA (1 pg nucDNA).
Similar results were observed when the analogous experiments were performed using primer set L15/H484 (data not shown).
Altogether, we have designed an accurate and efficient method for the amplification and sequencing of mitochondrial genomes on a LV reaction platform. As the results show, amplification of mitochondrial DNA with subsequent sequencing in the same reaction volume is practicable on a chemically structured chip. The quality of the obtained results is well comparable to those obtained from a 25-μL reaction.
Problems that appeared in on-chip STR analysis, e.g. elevated stutter peaks or imbalance of heterozygous loci did not occur in the sequencing of mitochondrial DNA because the underlying PCR reaction is a "one-allelic" reaction. In addition, incomplete fragments remain indiscernible when using the dideoxy sequencing method with labelled ddNTPs. The single peak heights of the electropherograms appeared well-balanced.
Because the anchor spots of the chip resemble an "open" reaction system one would expect a higher risk for cross-contamination. This presumption could not be demonstrated in our study. Quite the contrary, decontaminating of the chip surface, e.g. by UV exposure, is easy to perform. Covering the reaction mix with covering solution seems to prevent cross-contamination very effectively. In a total of 250 negative controls performed in the context of this study, only 1 single contamination event was observed.
Chip handling is convenient due to the segmentation of the surface in hydrophobic and hydrophilic compartments. With the help of the chemically modified surface of the slide, solutions are safely kept in position and spots are clearly separated from each other. For the application of samples to the anchor spots, the use of a pipette for very small volumes (0.1-2.5 μL) is advisable. It is important that the reaction remains free of gas bubbles because heatinduced ascension of gas bubbles during PCR or sequencing reactions may destroy the hemispherical shape of the reaction mix.
One serious drawback of the low volume approach of PCR with subsequent sequencing is that replications of sequencing reactions from the same PCR product are not possible. Similarly, there is no possibility of sequencing forward and reverse strands from one single PCR product. Therefore, the method presented here is suitable for specific problems that cannot be solved otherwise.
On the other hand, a great benefit of the chip-based analyses is the possibility of applying single cells under optical control. The sensitivity of the technique allows for the successful amplification of amounts of mitochondrial DNA equivalent to 1 pg of genomic template DNA. Thus, this method establishes a promising base for the investigation of topics concerning the composition of mtDNA molecules on a single cell level, e.g. in consideration of mitochondrial heteroplasmy.
